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SECTION  1 


INTRODUCTION 


This  report  describes  experimental  work  performed  under 
contract  DNA  001-77-C-0193  between  May  22,  1978,  and  June  1,  1978, 
on  the  Defense  Nuclear  Agency  OWL  II  large-area  beam  facility. 

The  objective  of  this  effort  was  to  obtain  samples  of  staple 
rayon  (SR)  and  continuous  filament  rayon  (CFR)  carbon  phenolic 
ablator  materials  with  the  phenolic  removed  to  a uniform  depth 
of  between  0.013  cm  and  0.025  cm  by  irradiating  specimens  with  a 
large-area  pulsed  electron  beam.  Both  flat  and  conical  section 
samples  were  successfully  irradiated  and  then  sent  on  to  Science 
Applications  Inc.  (SAI)  and  Prototype  Development  Associates  (PDA) 
for  further  testing.  On  selected  SR  and  CFR  flat  samples  the 
stress-time  histories  at  the  rear  surfaces  of  the  1 . 2 7-cm-thick 
specimens  were  monitored  with  1.1-iis  quartz  gages.  The  average 

diode  mean  voltage  for  this  test  series  was  320  kV  with  an  average 

2 . . 

tluence  of  17  cal/cm  . After  filtering  and  magnetic  compression 

the  electron  beam  at  the  target  location  had  an  effective  mean 

2 

energy  of  270  kV,  a fluence  of  10  cal/cm  , and  an  estimated  mean 

angle  of  incidence  of  57  degrees.  The  area  of  irradiation  at  the 
2 

target  was  280  cm  . This  constitutes  a 50  percent  increase  in  beam 
area  for  these  phenolic  removal  conditions  over  what  was  achieved 
in  the  previous  experimental  series  (Reference  1). 
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SECTION  2 


DESCRIPTION  OF  THE  EXPERIMENT 


A schematic  of  the  large-area  beam  system  with  axial  mag- 
netic transport  used  in  this  experiment  is  shown  in  Figure  1. 

This  is  the  same  hardware  as  was  used  in  the  experiment  reported 
previously  under  this  contract.  Prior  to  this  testing,  however, 
an  analytical  parameter  study  was  carried  out  for  the  OWL  II 
machine  in  an  effort  to  maximize  the  available  beam  area  within 
the  context  of  the  existent  hardware.  This  was  deemed  necessary 
since  some  of  the  conical  section  samples  (frusta)  would  fit 
within  the  area  of  the  previous  beam  with  little  margin  for  error. 
By  maximizing  the  beam  area  the  sample  alignment  constraints  were 
relaxed,  allowing  faster  shot-to-shot  turn-around  times  during  the 
experiment . 


With  an  experiment  of  this  type  the  two  prime  variables  are 

the  pulse  charge  voltage  and  the  anode-cathode  separation.  The 

pulse  charge  voltage  is  the  voltage  at  which  the  main  switch  in 

the  generator  closes.  The  diode  voltage  is  related  to  the 

pulse  charge,  V , by  the  following  equation: 
pc 


0.68V  Zr 

V = k 

D 1 . 9 + 2, 


and  Z^  is  the  diode  impedance.  Figure  2 illustrates  the  calcu- 
lated relationship  between  pulse  charge  and  anode  cathode  spacing 
for  a range  of  diode  voltages.  The  OWL  II  generator  is  designed 
to  deliver  a 1-MeV,  0.55-kA  pulse  into  a 1.9-ohm  diode  matched  load. 
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Figure  1 Schematic  of  ablator  equipment. 
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At  this  voltage,  however,  the  phenolic  would  be  removed  to  a far 

greater  depth  than  desired;  the  object  of  the  parameter  study  was 

to  determine  the  lowest  voltage  that  could  be  achieved  while  still 

obtaining  sufficient  fluence  to  remove  the  phenolic  to  the  required 

depth.  Figure  3 illustrates  the  calculated  relationship  between 

2 

average  fluence  and  anode-cathode  spacing  for  the  410-cm  diode. 

As  can  be  seen,  smaller  anode-cathode  spacings  yield  higher  fluences 
for  any  given  voltage.  There  is,  however,  a lower  limit  for  the 
anode  cathode  spacing  since  below  a certain  value,  diode  closure 
(from  plasmas  created  in  the  field  emission  process)  will  result 
in  early  termination  of  the  pulse.  Below  a 6-mm  anode-cathode  gap 
the  diode  behavior  becomes  less  reliable;  consequently,  a 7-mm  gap 
was  selected  for  these  experiments.  This  geometry  yielded  stable 
diode  performance  and  good  shot-to-shot  reproducibility  of  both 
mean  voltage  and  fluence  was  obtained. 

In  order  to  obtain  a deposition  profile  with  a steep  slope 

(which  maximizes  control  over  the  phenolic  removal  depth  for  the 

shallow  removal  depths  required),  a 0 . 005-cm-thick  titanium  filter 

was  positioned  between  the  diode  and  the  sample.  The  effect  of 

this  filter  is  to  reduce  the  kinetic  energy  of  the  electrons, 

increase  their  mean  angle  of  incidence,  and  reduce  the  beam  fluence. 

Figure  4 illustrates  the  effect  of  the  filter  on  the  energy  and 

estimated  angle  of  incidence  of  the  beam  as  a function  of  mean 

diode  voltage.  For  the  average  shot  conditions  for  this  series, 

the  320-kV  diode  voltage  is  reduced  by  50  kV  in  passing  through 

the  filter  and  the  emerging  e-beam  is  estimated  to  have  an  average 

angle  of  incidence  of  57  degrees.  An  example  of  the  deposition 

profile  from  a typical  shot,  4375,  is  shown  in  Figure  5.  On  this 

2 

pulse  the  mean  voltage  was  316  kV,  the  fluence  was  17.6  cal/cm  , 
and  the  depth  of  removal  was  measured  at  0.01 5 cm.  The  first 
part  of  the  profile  (shaded  portion)  is  the  deposition  in  the 
titanium  anode  and  filter,  which  have  a total  thickness  of 


Normalized  dose  ( ca 1/gm/cal/cm 


Shot  Number  4375 
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Figure  5 Representative  energy  deposition  profile. 
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0.0064  cm.  At  the  removal  depth  of  0.015  cm  the  normalized  dose  is 

2 

9.5  cal/gm  per  cal/cm  , which  combined  with  the  measured  diode 

2 

fluence  of  17.6  cal/cm  and  beam  compression  by  a factor  of  1.2 
indicates  a dose  of  201  cal/gm  at  the  depth  within  the  sample. 

This  value  corresponds  to  the  generally  accepted  threshold  value 
for  phenolic  removal  of  200  cal/gm.  Calculated  depth  dose  profiles 
for  all  sample  shots  are  presented  in  the  appendix  of  this  report. 
These  profiles  are  calculated  directly  from  the  voltage  and  current 
waveforms  obtained  on  the  individual  shots. 


All  flat  samples  irradiated  during  this  test  series  were 
mounted  in  a graphite  mask  and  backed  with  0 . 635-cm-thick  plexi- 
glass to  prevent  rear  surface  spall.  The  original  experimental 
plan  was  to  have  the  flat  samples  unbacked  unless  severe  rear 
surface  spall  was  observed.  Pulse  4372  showed  a great  amount 
of  rear  surface  spall;  all  subsequent  flat  samples,  therefore, 
had  plexiglass  backers  coupled  with  vacuum  grease. 


Samples  intended  for  stress-time  measurements  were  lapped 
flat  on  their  rear  surface  before  bonding  the  quartz  gages. 
Backers  for  these  samples  had  a hole  cut  in  the  center  to  ac- 
commodate the  gages.  A schematic  of  the  mounting  scheme  is  shown 
in  Figure  6.  Furane  202  epoxy  was  used  to  bond  the  quartz  gages 
to  the  samples  with  bond  thickness  of  < 1.2  x 10  cm.  All 
quartz  gages  had  an  outside  diameter  of  3.175  cm,  a guard  ring 
diameter  of  1.270  cm  and  a thickness  of  0.635  cm,  which  provides 
a readtime  of  1.1  jiS. 


Frusta  or  conical  section  samples  were  mounted  on  a special 
fixture  fabricated  by  PDA.  Front  and  side  views  of  this  mounting 
hardware  are  shown  in  Figure  7.  Because  of  the  relative  sizes  of 
the  frusta  and  the  beam  irradiation  area,  two  shots  were  required 
to  fully  irradiate  each  section.  The  unirradiated  portion  was 


masked  with  several  layers  of  thin  cardboard  to  prevent  double 
exposure  (Figure  8).  This  masking  technique  was  chosen  because 
of  its  adaptability  to  curved  surfaces  and  was  tested  during  the 
first  experimental  series  with  good  results.  Although  the  flat 
samples  were  all  located  at  a 10-cm  distance  from  the  anode  plane, 
the  frusta  were  positioned  with  their  closest  point  at  7.5  cm  from 
the  anode  to  compensate  for  the  depth  of  these  samples. 
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Figure  8 Top  section  view  of  masking  technique  showing 
e-beam  orientation  with  respect  to  frustrum 
sample . 
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SECTION  3 

EXPERIMENTAL  DATA 

A summary  ot  all  data  recorded  during  this  experiment  is 

listed  in  Table  1.  As  notea  in  Section  2,  the  average  beam 

2 

conditions  were  320-kV  mean  diode  voltage  and  17  cal/cm  fluence; 

the  average  removal  depth  was  0.015  cm  ana  average  mass  loss, 

2 2 
41  mg/cm  . On  all  tluence  and  sample  shots  a 1-cm  area  control 

sample  block  ol  CP  was  exposed  near  the  edge  ot  the  beam.  The 

weight  of  the  sample  block  was  tecotded  before  and  after  the  shot 

in  order  to  monitor  the  mass  loss  per  unit  atea.  Phenolic  removal 

depth  was  measured  on  the  main  sample  with  a knife-edge  vernier 

caliper  for  all  flat  specimens.  On  fluence  and  trusta  shots  the 

2 

phenolic  removal  depth  was  measured  on  the  1-cm  control  samples. 

2 

Por  the  frusta  samples  the  average  diode  fluence  was  18  cal/cm 

with  an  average  mean  voltage  of  320  kV.  A summary  of  the  frusta 

data  is  shown  in  figure  9.  Two  sectioned  conical  samples  of  CP 

were  available  tor  testing.  In  one  case  the  cone  had  an  aluminum 

liner  bonded  with  a 0.1  cm  thick  Sylastic  J bond.  The  other  cone 

had  no  liner.  All  frusta  from  the  lined  cone  were  exposed  to  the 

electron  beam.  On  frustum  sample  955412-3,  however,  both  exposures 

2 

were  low  fluence  (12.3  cal/cm  average)  ana  the  beam  appeared  some- 
what uneven.  These  shots  were  repeated  with  the  corresponding 
section  of  the  unlined  cone.  No  other  frusta  from  the  unlined 
cone  were  tested.  Photos  of  all  irradiated  frusta  are  shown  in 
Figure  10  and  the  assembled  cone  is  shown  ip  Figure  11. 
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where  o is  the  measured  stress  in  the  gage,  p and  C are  the 
density  and  sound  speed  in  the  gage  material,  and  ag , pg  and  Cg 
are  the  stress,  density,  and  sound  speed  respectively  in  the 
carbon  phenolic  sample.  The  gage  is  made  from  x-cut  quartz  and 
has  a density  of  2.65  g/cm^  and  a sound  speed  of  5.73  mm/ps. 

For  the  carbon  phenolic  the  density  was  1.45  g/cm^  and  the  sound 
speed  varied  between  3.40  and  3.87  cc/ps,  as  measured  from  the  gage 
records . 

A total  of  six  samples  were  tested  with  quartz  gages,  two 
CFR  and  four  SR.  For  the  CFR  samples,  the  stress  measurements 
were  consistent  and  the  relationship  between  fluence  and  peak 
stress  appeared  constant.  The  four  SR  samples  appeared  to  be 
divided  into  two  groups  where  the  ratio  between  fluence  and  peak 
stress  varied  by  a factor  of  two.  Shots  4372  and  4379  we-re 
mutually  consistent  and  exhibited  stress-to-f luence  ratios 
similar  to  those  observed  for  the  CFR  samples.  On  shots  4367  and 
4390  the  stress  was  well  below  what  would  have  been  anticipated 
based  on  the  other  measurements.  The  observed  sound  velocity 
was  also  lower  for  those  shots  (3.40  mm/ps),  which  could  indicate 
the  possibility  of  some  reduced  mechanical  integrity  on  the  part 
of  these  two  samples.  This  would  be  sufficient  to  reduce  the 
measured  stress  to  the  levels  observed. 
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Figure  12  Quartz  gage 
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QUARTZ  GAGL  DATA 


SECTION  4 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  OWL  II  generator,  in  conjunction  with  the  large-area 
beam  hardware,  generated  a reproducible  uniform  electron  beam 
capable  of  removing  between  0.013  and  0.025  cm  depth  of  phenolic 
from  carbon  phenolic  ablator  surfaces.  The  beam  had  a diameter 
of  19  cm  (280  cm^),  which  constitutes  a 40-percent  improvement 
in  beam  area  over  that  used  to  obtain  the  same  removal  conditions 
during  the  previous  experiment.  Any  further  substantial  increase 
in  area  would  require  a major  redesign  of  the  diode  hardware. 

With  new  hardware  it  is  possible  that  a factor  of  almost  four 
increase  in  beam  area  may  be  possible  on  the  OWL  II'  configuration 
on  the  generator. 

A second  area  of  possible  improvement  is  related  to  the 
masking  of  samples  when  multiple  beam  exposures  are  planned  on 
a single  specimen.  On  all  frusta  exposed  during  this  series  a 
narrow  ridge  of  phenolic  remains  between  the  two  beam  exposures 
in  spite  of  efforts  to  eliminate  this  through  repositioning  of  the 
mask.  Subsequent  tests  by  PDA  will  determine  whether  these  ridges 
present  a problem  in  ablation  or  aerodynamic  experiments.  If  the 
ridge  effect  is  significant,  some  experimental  effort  should  be 
dedicated  to  developing  a more  efficient  mask  prior  to  further 
sample  irradiation. 
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ATTN: 

FCPR 

Field  Command 

Defense  Nuclear  Agency 
ATTN:  FCPRL 

Joint  Chiefs  of  Staff 

ATTN:  J-5,  Nuclear  Division 

Joint  Strat.  Tgt.  Planning  Staff 
ATTN:  JPTM 
ATTN:  JLTW-2 

NATO  School  (SHAPE) 

ATTN:  U.S.  Documents  Officer 

Under  Secy,  of  Def.  for  Rsch.  & Engrg. 

ATTN:  Strategic  & Space  Systems  (OS) 

DEPARTMENT  OF  .the  ARM V 

BMD  Advanced  Technology  Center 

Department  of  the  Army 
ATTN:  ATC-M 

BMD  Program  Office 

Department  of  the  Army 

ATTN:  Technology  Division 

Deputy  Chief  of  Staff  for  Ops.  A Plans 

Department  of  the  Army 
ATTN:  DAMO-SSN 

Deputy  Chief  of  Staff  for  Rsch.  Dev.  A Acq. 

Department  of  the  Army 
ATTN:  DAMA-CSS-N 

Harry  Diamond  Laboratories 

Department  of  the  Army 
ATTN:  DELHD-RC 
ATTN:  DELHD-N-RBH 

U.S.  Army  Ballistic  Research  labs 

ATTN:  DRD'R-BL.  R.  Eichelberger 


DEPARTMENT  OF  THE  ARMY  (Continued) 

U.S.  Army  Material  A Mechanics  Rsch.  Ctr. 
ATTN:  DRXMR-HH 

U.S.  Army  Materiel  Dev.  A Readiness  Cmd. 
ATTN:  DRCDE-D 

U.S.  Army  Missile  RAO  Command 
ATTN:  DRDM1-XS 

DEPARTMENT  of.  the  navy 

Naval  Research  Laboratory 
ATTN:  Code  2627 

Naval  Sea  Systems  Command 
ATTN:  SEA-0351 

Naval  Surface  Weapons  Center 
ATTN:  Code  K06 
2 cy  ATTN:  Code  K82 

Office  of  the  Chief  of  Naval  Operations 
ATTN:  OP  604 

Strategic  Systems  Project  Office 

Department  of  the  Navy 
ATTN:  NSP-272 

DEPARTMENT  _0F_  THE  AIR  FORCE 

Air  Force  Flight  Dynamics  Laboratory 
ATTN:  FXG 
ATTN:  FBC 

Air  Force  Geophysics  Laboratory 
ATTN:  C.  Touart 

Air  Force  Materials  Laboratory 
ATTN:  MXE 
2 cy  ATTN:  LTM/MBE 
2 cy  ATTN:  MBC/MXS 

Air  Force  Office  of  Scientific  Research 
ATTN:  P.  Thurston 

Air  Force  Rocket  Propulsion  Laboratory 
ATTN:  LKCP 

Air  Force  Systems  comnand 
ATTN:  DLW 

Air  Force  Weapons  Laboratory 
ATTN:  DYV 
ATTN:  SUL 

Arnold  Engineering  Development  Center,  AFSC 

Department  of  the  Air  Force 
ATTN:  XRRP 

Deputy  Chief  of  Staff 

Research,  Development  & Acq. 

Department  of  the  Air  Force 
ATTN:  AFRDQ 
ATTN:  AFRDQSM 
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DEPARTMENT  01  THE  AIR  FORCE  (Conti  nued] 


DEPARTMENT .01  DEFENSE  CONTRACTORS  (Conti nurd) 


Foreign  Technology  Division,  AFSC 
ATTN:  SDBG 


Space  X Missile  Systems  Organization 
Air  Force  Systems  Command 


ATTN 

DVS 

Space  X Missile  Systans  Organization 
Air  Force  Systems  Conuiand 

ATTN 

MNNH 

ATTN 

MNNR 

Space  X Missile  Systems  Organization 
Air  Force  Systems  Command 

ATTN 

RSSR 

ATTN 

RSS 

ATTN 

RST 

7 cy  ATTN 

RSSE 

Strategic  Air  Command 

Department  of  the  Air  Force 
ATTN:  XOBM 
ATTN:  XPFS 

DEPARTMENT  Of  ENERG v CONTRACTORS 

Lawrence  Livermore  Laboratory 

University  of  California 

ATTN:  L-92,  C.  Taylor 
ATTN:  L-10,  H.  Kruger 

Los  Alamos  Scientific  Laboratory 
ATTN:  J.  Taylor 

Sandia  Laboratories 
ATTN:  T.  Gold 

Sandia  Laboratories 

ATTN:  A,  Chabai 
ATTN:  R.  Clem 
ATTN:  D.  Rigali 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 


Aro,  Inc. 

ATTN:  G.  Norfleet 
ATTN:  J.  Adams 

Avco  Research  8.  Systems  Group 


ATTN: 

J.  Stevens 

ATTN: 

W.  Broding 

ATTN: 

A.  Pallone 

ATTN: 

V.  Dicristina 

The  Boeing  Company 

ATTN: 

B.  Lempriere 

Calspan  Corp 

ATTN: 

M.  Holden 

Effects  Technology,  Inc. 

ATTN: 

R.  Wengler 

Fiber  Materials  , Inc . 
ATTN:  M.  Subilia 


lord  Aerospace  X Communi cat  ions  Corp. 
ATTN:  A.  Demetriades 

General  Electric  Company 
Re-Entry  X Environmental  Systems  Div 
ATTN:  B.  Maguire 
ATTN:  P.  Cline 

General  Electric  Company-TEMPO 
Center  for  Advanced  Studies 
ATTN:  DAS  I AC 

General  Research  Corp. 

ATTN:  R.  Rosenthal 

Institute  for  Defense  Analyses 
ATTN:  J.  Bengston 
ATTN:  Classified  Library 

Ion  Physics  Corp. 

ATTN:  R.  Evans 


Acurex  Corp. 

Kaman  Sciences  Corp. 

ATTN: 

J.  Huntington 

ATTN: 

F . Shel ton 

ATTN: 

C . Powa  rs 

ATTN: 

T.  Meagher 

ATTN: 

C.  Nardo 

Lockheed  Missiles  X Space 

Aerojet  Liguid  Rocket  Co. 

ATTN: 

R.  Au 

ATTN: 

R.  Jenkins 

ATTN: 

D.  Price 

ATTN: 

P.  Schneider 

Aeronautical 

Rsch.  Assoc,  of  Princeton,  Inc. 

ATTN: 

G.  Chrusciel 

ATTN: 

C.  Donaldson 

ATTN: 

C.  Lee 

Aerospace  Corp. 

ATTN:  W.  Grabowsky 
ATTN:  H.  Dyner 
ATTN:  D.  Nowlan 
ATTN:  D.  Platus 
ATTN:  R.  Palmer 
ATTN:  0.  Geiler 
ATTN:  R.  Hallse 
ATTN:  P.  Legendre 
ATTN:  M.  Gyetvay 
ATTN:  R.  Portenier 
ATTN:  W.  Barry 
ATTN:  R.  Mortensen 


Lockheed  Missiles  and  Space  Co.,  Inc. 
2 cy  ATTN:  T.  Fortune 

Martin  Marietta  Corp. 

ATTN:  L.  Kinnaird 
ATTN:  R.  Cramer 

McDonnell  Douglas  Corp. 

ATTN:  G.  Fitzgerald 
ATTN:  L.  Cohen 
ATTN:  H.  Hurwicz 
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DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

National  Academy  of  Sciences 
National  Materials  Advi'-ry  Board 
ATTN:  D.  Groves 

Paci f ic-Sierra  Research  Corp. 

ATTN:  G.  Lang 

Physical  Sciences,  Inc. 

ATTN:  M.  Fin.  - 

Physics  International  Co. 

ATTN:  J.  Shea 
ATTN:  K.  Triebes 

Prototype  Development  Associates,  Inc. 

ATTN:  J.  Dunn 
3 cy  ATTN:  C.  Thacker 

RAD  Associates 

ATTN:  F.  Field 
ATTN:  C.  MacDonald 
ATTN:  P.  Rausch 
ATTN:  R.  Ross 

Science  Applications,  Inc. 

ATTN:  J.  Warner 

Science  Applications,  Inc. 

ATTN:  K.  Kratsch 
ATTN:  0.  Courtney 
ATTN:  L.  Dunbar 


DEPARTMENT  OF  DEF ENSE  CONTRACTORS  (Continued) 

Science  Applications,  Inc. 

ATTN:  C.  Kyriss 
ATTN:  A.  Martel  luce i 

Southern  Research  Institute 


ATTN: 

C.  Pears 

Spectron  Development  Labs,  Inc 

ATTN: 

T.  Lee 

SRI  International 

ATTN: 

D.  Curran 

ATTN: 

G.  Abrahamson 

Systems,  Science  & Software,  1 

ATTN: 

G.  Gurtman 

TRW  Defense 

& Space  Sys.  Group 

ATTN: 

1.  Alber 

ATTN: 

T.  Williams 

ATTN: 

D.  Baer 

ATTN: 

W.  Wood 

ATTN: 

R.  Myer 

TRW  Defense  & Space  Sys.  uroup 


ATTN: 

V. 

Blankenshu- 

ATTN: 

E. 

A1  len 

ATTN: 

L. 

Berger 

ATTN: 

E. 

Wonq 

ATTN. 

W. 

Pol ich 
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